The rate of incorporation of carbon from [1-13C]glucose into the [4-CH2] and [3-CH21 of cerebral glutamate was measured in the rat brain in vivo by IH_ observed, 13C-edited (POCE) nuclear magnetic resonance (NMR) spectroscopy. Spectra were acquired every 98 s during a 6O-min infusion of [l-13C]glucose. Complete time courses were obtained from six animals. The measured intensity of the unresolved [4-13CH2] resonances of glu tamate and glutamine increased exponentially during the infusion and attained a steady state in -20 min with a first-order rate constant of 0. 130 ± 0.010 min -I (t1/2 = 5. 3 ± 0. 5 min). The appearance of the [3-13CH21 resonance in the POCE difference spectrum lagged behind that of the [4-13CH21 resonance and had not reached steady state at the end of the 60-min infusion (t1/2 = 26. 6 ± 4. 1 min). The increase observed in 13C-labeled glutamate represented isotopic enrichment and was not due to a change in the
Cerebral glutamate functions as a neurotransmit ter, is necessary for cerebral ammonia detoxifica tion, and is directly related to cerebral energy me tabolism (see Cooper and Plum, 1987, and ref. therein) . Glutamate metabolism occurs in at least two morphologically distinct cellular compartments (Hertz, 1979) . A small, rapidly turning over pool of glutamate, thought to be the precursor of brain glu-total glutamate concentration. The glucose infusion did not affect the levels of high-energy phosphates or intrac ellular pH as determined by 31p NMR spectroscopy. Since glucose carbon is incorporated into glutamate by rapid exchange with the tricarboxylic acid (TCA) cycle intermediate a-ketoglutarate, the rate of glutamate label ing provided an estimate of TCA cycle flux. We have determined the flux of carbon through the TCA cycle to be = 1.4 fLmol g -1 min -I. These experiments demon strate the feasibility of measuring metabolic fluxes in vivo using 13C-labeled glucose and the technique of 1 H observed, 13C-decoupled NMR spectroscopy. Key Words: Brain metabolism-[1-13C]Glucose-Glutamate Glycolysis-Nuclear magnetic resonance-Tricarboxylic acid cycle-Two-dimensional heteronuclear spectros copy. tamine, is located within the astrocytes. The pool of glutamate localized to the neurons is larger (at least 80% of total brain glutamate) and has a slower turn over rate than the astrocytic glutamate pool. Each glutamate pool is in equilibrium with a distinct tri carboxylic acid (TCA) cycle (Van den Berg et aI., 1969; Berl et aI., 1970) . The flow of carbon from glucose to glutamate and the turnover time of the glutamate pool depend both on the rate of glycolysis and on the rate of entry of glucose carbon into the TCA cycle. Although turnover rates for glutamate have been estimated by radioactive tracer and sta ble isotope studies (Berl et aI., 1962 (Berl et aI., , 1970 Cooper et aI., 1988) there has been no acceptable way to measure these rates in vivo.
The turnover of cerebral glutamate and other me tabolites can be determined in vivo by monitoring the site-specific incorporation of l 3C using l 3C_ enriched glucose (Behar et aI., 1986) . Rothman et ai. (1985) measured the turnover time of glutamate and lactate (during hypoxia/ischemia) in rat brain in vivo using a BC_1H spin echo difference nuclear magnetic resonance (NMR) spectroscopic method. Recently, new pulse sequences utilizing frequency selective composite pulse trains have enhanced the sensitivity and time resolution of this method for the detection of BC-labeled metabolites in vivo us ing surface coils (Hetherington et aI., 1988 ; also see Bendall et aI., 1981; Freeman et al. 1981; Bendall and Gordon, 1983) .
In this study we report measurements of the rate of BC isotopic enrichment of cerebral glutamate fol lowing an infusion of [l-BC]glucose in the rat by l H-observed, BC-edited (POCE) NMR spectros copy. By this method we observe the l H signal, which can be detected with a far greater sensitivity than the BC signal, and by heteronuclear editing distinguish those hydrogens bound to BC from those bound to 12C. The flux of glucose carbon through the TCA cycle and the glycolytic pathway was determined from the rate of BC label entry into glutamate. These data provide information on the rate of the TCA cycle associated with the large glu tamate pool.
Preliminary reports of this work were presented at the Seventh Annual Meeting of the Society of Magnetic Resonance in Medicine, San Francisco, CA, U.S.A. (Fitzpatrick et aI., 1988; Hetherington et al., 1988) .
METHODS

Animal preparation
Male Sprague-Dawley rats (160-200 g), fasted 24-30 h, were tracheotomized under enflurane anesthesia, para lyzed with d-tubocurarine-Cl (3 mg kg-I body wt), and ventilated with 70% N20/30% 02' Surgical procedures were performed under enflurane anesthesia; its use was discontinued prior to placing the animals in the magnet. Body temperature was maintained near 37°C with a Ty gonjacket connected to a temperature-regulated circulat ing water bath. The tail artery (PE-50) and vein (PE-lO) were cannulated to permit arterial blood sampling and the intravenous infusion of either [1-13C]-D-glucose (99 atom %; Merck Sharp & Dohme, Rarway, NJ, U.S.A.) (n = 6) or [U-l 2 C]-D-glucose (n = 4). Arterial blood pH, Pco2, Po2, and glucose were measured from tOO-I.d samples usually taken four or five times during the experimental period. Animals maintained a Pco2 between 35 and 42 mm Hg, a P02 of > 100 mm Hg, and blood pH of 7.38 ± 0.04. Prior to infusion, the mean arterial blood glucose concentration was 4.4 ± 0.7 mM (± SEM; n = 6) in those animals receiving [1-I3C]glucose and 6.5 ± 1.0 mM (±SEM; n = 4) in those receiving [U-1 2 C]glucose. The mean arterial blood pressure was recorded continuously throughout the time that the animal was in the bore of the magnet. Data obtained from animals that did not maintain a mean arterial blood pressure of >90 mm Hg (after cor recting for the additional hydrostatic pressure resulting from the vertical orientation of the animal in the magnet) were discarded from this study. The scalp was incised along the midline and the skin retracted. The skull was cleaned of all tissues between the temporal ridges and a layer of Saran Wrap was placed over the wound to pre vent desiccation and avoid contact of moisture with the surface coil. The animal was placed vertically in a Plexi glas holder and attached to the surface coil probe. The surface coil, and 8 x 12-mm single-turn ellipse, was tuned to the frequencies of two nuclei simultaneously: lH and 13C or lH and 3lp, as described previously (den Hol lander et al., 1984; Behar et al., 1985) . An estimate of the depth and lateral extent of the volume of rat brain tissue detected by the surface coil for the pulse sequence and acquisition parameters used to obtain lH and 3lp spectra in this study has been reported (Fitzpatrick et al., 1989 ).
Infusion of glucose
The determination of glutamate turnover required the rapid attainment of a high and steady fractional enrich ment of [1-I3C]glucose in the blood throughout the time period of the NMR experiment. An infusion protocol was determined by adapting the [l4C]glucose method de scribed by Patlack and Pettigrew (1976) to accommodate the large amounts of [13C]glucose infused during the NMR experiment. Animals received a 250-,... 1 bolus of 0.75 M [l_I3C]glucose (per 200 g body wt) followed by an intravenous infusion of 0.75 M [13C]glucose. The rate of the infusion, which was decreased manually every 30 s, followed a decreasing exponential function during the first 8 min and was constant for the remainder of the experiment. The total volume infused was -1.5 ml. Total blood glucose was measured in arterial blood samples drawn every 10-15 min during the infusion with an Ames glucometer.
Because the 3lp NMR spectrum could not be observed during the acquisition of lH-POCE spectra, the effects of an increased concentration of blood glucose on cerebral high-energy phosphates and pHi in vivo were determined in a separate series of animals. IH spectra were acquired alternately with 3lp spectra to monitor the effects of the glucose infusions on the total concentration of brain glu tamate and glutamine (see Fitzpatrick et al., 1989) . These animals (n = 4) received an infusion of unlabeled [1 2 C]glucose identical to those receiving [13C]glucose.
The constancy of the 13C fractional enrichment of ar terial blood glucose was tested in another series of ani mals prepared for liquid N2 freezing (Ponten et al., 1973) and extract analysis. Following an infusion of [l_I3C]glu cose for 15, 30, or 60 min, arterial blood (0.5-1.0 ml) was withdrawn immediately prior to freezing of the cranium in liquid N2. Blood samples were measured for total glucose content and the plasma removed by centrifugation. Blood plasma was extracted in 3 M perchloric acid (3:1 voU vol), centrifuged, and the supernatant neutralized with 1 M KOH. After removal of perchlorate salts by centrif ugation, the supernatant was lyophilized and dissolved in D20 for analysis by NMR according to the procedure described in Behar et al. (1986). teau and Gueron, 1982) and refocusing (Hore, 1983) of magnetization in a phase-cycled spin echo sequence (Bendall and Gordon, 1983; Hetherington and Rothman, 1985) . The spin echo evolution time Twas 4 ms. Addi tional suppression of the water signal was obtained by pre saturation, followed by a 100-ms dephasing delay prior to the excitation pulse of the spin echo sequence. In those experiments where IH spectra were collected alternately with 31p spectra (i.e., [1 2 C]glucose infusions), the IH car rier frequency was positioned at the frequency of tissue water. The maximum intensity of the semiselective pulses was positioned at -2.2 ppm between the [4-CH2] and [3-CH2] resonances of glutamate. Sixty-four transients were acquired with a 1.5-s recycle time (1.6 min per spec trum). Resonance assignments in the IH spectrum were based on previous studies of acid-extracted rat brain tis sue (Behar et aI., 1983 (Behar et aI., , 1985 Ogino et aI., 1986) . 13C chemical shifts of 13C-labeled metabolites were based both on previous work (Rothman et aI., 1985; Behar et aI., 1986b ) and on two-dimensional (2-D) heteronuclear experiments of acid extracts of rat brain (see below). Spectra obtained in vivo were processed by the convolu tion difference followed by Gaussian multiplication of the free induction decay to enhance resolution.
POCE NMR spectroscopy
POCE spectra were acquired with the semiselective spin echo pulse sequence depicted in Fig. 1 . The fre quency-selective excitation composite pulse was of the Plateau and Gueron type (1982) , while the refocusing composite pulse was constructed according to Hore (1983) , using the off-resonance suppression formulation of the semiselective pulses (Hetherington et aI., 1988) . The frequency-selective composite pulses were con structed so as to compensate for the B l inhomogeneity of the surface coil (Levitt and Ernst, 1983; Hetherington et al., 1986) . The pulses and receiver phases were cycled according to Hetherington and Rothman (1985) and Heth erington et al. (1988) . The IH carrier frequency (excita tion maximum) for the semis elective composite pulses of the spin echo sequence was positioned between the chemical shifts of the [3-CH2] and [4-CH2] of glutamate in the IH spectrum at 2.2 ppm, which gave an intensity null at the frequency of tissue water. The IH resonances that are spin-coupled to a 13C nucleus were "edited" by a nonselective B 1 -compensated 13C composite inversion pulse applied during alternate scans (Bendall et aI., 1981; Freeman et aI., 1981; Rothman et aI., 1985) . The 13C in version pulse [which was of the following form (Freeman et al., 1981) : 80890808_908_908089080] achieved an inver- sion of 94% over ±5.5 ppm using the surface coil. The 13C inversion pulse was centered at 3.9 ms ( = 1121 for J = 127 Hz) after the IH excitation pulse train (Fig. 1) . The fre quencies of the 13C inversion and decoupling pulses were positioned between the chemical shifts of the [3-13CH2] and resonances of glutamate in the 13C spec trum. Subtraction of 1 H spectra acquired with the 13C inversion pulse from spectra acquired without it yielded a spectrum containing only 1 H resonances spin-coupled to 13C nuclei resonating in the frequency band covered by the 13C pulse. The acquisitions of the two subspectra were interleaved to reduce subtraction errors. The free induction decays were acquired in the presence of broad band (=33 ppm) 13C decoupling using a 80289080 compos ite pulse that was phase-cycled according to . The collapse of the multiplet resulting from the 13C_1H spin couplings increases both sensitivity and res olution. Spectra were acquired with a repetition time of 2 s and represent the sum of 32 scans. The total time re quired was 98 s per spectrum, which included an addi tional time delay for data storage.
13C-labeled IH resonances were measured in rat brain extracts by a POCE pulse sequence using hard 'IT/2 and 'IT pulses. The degree of compensation (for B I inhomogene ity) of the 13C inversion pulse was reduced to reflect the greater B I homogeneity of the 5-mm 13C-1H NMR probe. The difference spectrum was obtained from a total of 1,536 scans, a spectral width of 7,024 Hz, and 16K data points. The free induction decay was zero-filled to 32K prior to Fourier transformation. 3 tp NMR spectroscopy 31p spectra were obtained at 145.78 MHz using a con ventional pulse-acquire sequence. Spectra were collected as 256 or 512 transients using a 0.6-s recycle time (2.56 or 5.12 min per spectrum). All 31p spectra were acquired alternately with 1 H spectra. 31 P spectra were processed by convolution difference followed by exponential multipli cation of the free induction decay for optimization of the signal-to-noise ratio.
The pHi was calculated from the chemical shift differ ence between inorganic phosphate (Pi) and phosphocre atine (PCr) in the 31p spectrum as specified in , according to the following equation: 
RESULTS
Intravenous infusion of 13 C-Iabeled glucose and effects on physiological parameters
The concentration of [1-BC]glucose in arterial blood was increased to achieve a high BC fractional enrichment [i.e., BC/(BC + 12C)] of glucose and cerebral metabolites derived from the labeled glu cose. The infusion protocol developed for this study (see Methods) elevated the concentration of glucose in arterial blood from 4.4 ± 0.7 to 13.2 ± 1.0 mM (±SEM; n = 6) in <2 min and held it constant throughout the 60-min experimental period as shown in Fig. 2 . This increase in blood glucose cor responds to a calculated fractional enrichment of C-I-labeled glucose of 67 ± 18%. The fractional en richment of [1-BC]glucose in arterial blood was shown to achieve a constant level in a separate se ries of animals (non-NMR) prepared for cranial freezing and extract analysis. Comparison of the actual BC fractional enrichment of the blood glu cose determined with NMR spectroscopy of blood extracts with the fractional enrichment estimated from the percentage increase in total blood glucose measured from blood sampled at IS, 30, and 60 min of [1-I3C]glucose infusion yielded a ratio of 1.02 ± 0.01 (±SD; n = 7).
The effects of an increased concentration of ar terial blood glucose on brain pHi' the concentra tions of high-energy phosphates (PCr and nucleo side triphosphate), and the brain content of gluta mate and glutamine were assessed in 31p ( Fig. 3) and IH (Fig. 4 ) spectra [an explanation of the quan titation of IH and 31p spectra is given in Fitzpatrick et al. (1989) ] acquired alternately prior to and during the infusion of unlabeled glucose. There were no effects of increased blood glucose on the reso nances of either the 31p or the IH spectrum, as dem onstrated by the absence of resonances in the dif ference spectra (Figs. 3 and 4); these results are summarized in Table I .
Assignment of 13 C-Iabeled resonances in the I H spectrum
The assignment of I3C-Iabeled metabolites to the appropriate spin-coupled (J I3C_1 H) resonance in the IH spectrum was determined in a 2-D heteronu clear chemical shift-correlated spectrum of a pro tein-free extract of I3C-Iabeled rat brain tissue. The 2-D spectrum records correlations between directly bonded I3C and IH nuclei, permitting the determi nation of a molecule's structure. Because of IH_IH homonuclear couplings and overlap between other resonances in the IH spectrum, the [2-CHz] and [3-CHz] of glutamate could not be resolved from the corresponding resonances of glutamine in the IH shift dimension. However, these resonances were well resolved in the BC shift dimension, providing an unambiguous assignment of the directly bonded IH resonance (Fig. 5) . . NAA was assigned a chemical shift of 2.023 ppm.
Incorporation of 1 3 C-Iabeled glucose into brain glutamate
Within 4 min of an infusion of [l-BC]glucose, the [4-13CH2] resonance of glutamate was detected at 2.35 ppm in the 13C difference spectrum (Fig. 6) . The intensity of the resonance increased progres sively with time and reached steady state after ""'20 min (Fig. 7) . Incorporation of the 13C label in the [3-13CH2] of glutamate (2.1 ppm) was detected after concentration. This was shown by the constant in tensity of the [4_1 2 + 13CH2] and [3_1 2 + 13C] of gluta mate and glutamine during the infusion of [13C] glucose, both in (13C + 1 2 C) sub spectra acquired during the POCE experiment (spectra not shown) and in IH spectra acquired from a group of rats (n = 4) receiving equivalent amounts of unlabeled glu cose ( Fig. 4; Table 1 ). The time course of the 13C enrichment of glutamate was well described by a single-exponential function (Fig. 7) of the following form:
where I(t) represents the peak height of the 13C_ labeled IH resonance, Iss is the peak height of the corresponding resonance at steady state, and k is the exponential first-order rate constant. The value of k that best described the I3C enrichment of [4-13CH2]glutamate was -0.130 ± 0.012 min-I (t1/2 = 5.3 ± 0.5 min; n = 6), while that of [3-13CH2] glutamate was -0.026 ± 0.004 min -1 (t1/2 = 26.6 ± 4.1 min; n = 5) (see Table 2 ). A delay of ""'4 min was observed between the initial bolus of 13C-labeled glucose and the detection of 13C-labeled glutamate. The intercept of the curves describing the enrich ment of glutamate along the time axis represents the time required for labeled glucose to be moved by the circulation to the brain, equilibrate with brain intracellular glucose, and be converted to [4-13C] glutamate. The value of this intercept was calculated to be 1.90 ± 0.19 min (±SEM; n = 6). The additional time of ""'2 min that elapsed before the resonance was detected was determined, in part, by the limit imposed by the signal-to-noise ratio.
The kinetics or the time course of the 13C enrich ment of glutamate can be analyzed (Dr. D. L. Roth man, personal communication) to estimate TCA cy cle flux according to the following model:
10--15 min and its rate of rise was considerably slower (Fig. 6) . At 60 min, the intensity of the [3-BCH2] of glutamate had not yet achieved steady state in contrast to that of [4-BCH2]glutamate (Fig.  7) . The rate constant and turnover times were de termined from the resonance amplitudes of BC_ labeled glutamate (and glutamine) measured from the BC difference spectra. The increase observed in BC-labeled glutamate represents isotopic enrich ment and is not due to an increase in glutamate Values expressed as means ± SD from four rats prior to and during an infusion of 0.75 M glucose (see Methods). Measurements of pHi' nucleoside triphosphate 13 (NTPI3), and phosphocreatine (Per) were obtained from 31p spectra as described in Methods. The brain content of per, NTPI3, and glutamate is expressed as a percentage of the preinfusion value.
BC label from glutamate occurs, i.e., VoGlu = 0 (see Discussion); then the incorporation of [l_13C] glucose into glutamate is given by The spectrum was acquired as indicated in Methods. The rat brain extract was obtained after death, resulting in a high concentration of lactate (LAC). The C2 peak of lactate repre sents the 1.1 % natural abundance l3C signal. The F2 dimen sion represents the l3C chemical shift. The F1 dimension represents the lH chemical shift.
The total concentration of cerebral glutamate in rat cortex is � 11 fJ-mol g-I (Siesjo, 1978) . Therefore, the TCA cycle flux, which is the product of k (0.130 min-I) and [Glu] , is =1.4 fJ-mol g-I min-I.
DISCUSSION
The isotopic enrichment of the [4-CH2] of cere bral glutamate was ;390% complete in six animals after 16-26 min of an infusion of [1-13C]glucose. These results are in good agreement with a previous estimate of 15-20 min determined for rat brain by Rothman et al. (1985) ; however, the period of ob servation in that study was only =20 min and the data did not permit assessment of animal-to-animal variation. The improved sensitivity (and time reso lution) in the present study resulted in a well characterized time course for each animal.
The entry of l 3C from [l-13C]glucose into the TCA cycle will label the [4-CH2] of a-KG. Because a-KG and glutamate are rapidly equilibrated by as partate aminotransferase (EC 2.6.1.1) (Velick and Vavra, 1962; Balazs and Haslam, 1965; Balazs, 1970; Hawkins et aI., 1985) , the value determined for the TCA cycle flux (1.4 fJ-mol g -I min -I) re flects the rate at which acetyl-CoA, derived from glucose, enters the TCA cycle and is incorporated into a-KG. The accuracy of the rate determination will be aff ected by the time required for the total concentration of unlabeled intermediates preceding glutamate to reach a steady-state isotopic enrich ment. The total concentration of all glycolytic and TCA cycle intermediates from glucose to a-KG is �5.5 fJ-mol g-I, intracellular glucose accounting for >85% of the total pool (Siesjo, 1978; Hawkins and Mans, 1983) . The turnover of the intracellular glu cose pool is dependent on both the glycolytic rate and the rate of exchange between intracellular and plasma glucose. The t1/z for intracellular glucose turnover has been reported to be � 1.2 ± 0.2 min (Savaki et aI., 1980) . We determined an average de lay time of 1.9 min between the start of the infusion �2 .50 Since the enrichment of glutamate followed first order kinetics, the time required for the BC labeling of intermediates between glucose and a-KG must be fast and is probably dominated by the turnover of intracellular glucose and lactate. The TCA cycle and glycolysis are thought to op erate in a near stoichiometric relationship in the brain under normal conditions (Siesjo, 1978) . Therefore, the TCA cycle flux determined in this study, = 1.4 flmol g -1 min -I, would correspond to 0.20 14-"CH,)-Glu a glycolytic rate of at least 0.7 flmol g -1 min -1 . Assuming that 10%, at most, of glucose carbon is converted to lactate and lost to the blood (Norberg and Siesjo, 1976) and that as much as 3% of carbon from the C-l position of glucose is lost owing to the activity of the hexose monophosphate shunt (Gai tonde et aI., 1983 ; see also Hawkins et aI., 1985) , a minimum estimate of the glycolytic rate would be �O. 8 flmol g -1 min -I. This value lies between the glucose utilization rates determined for the supra tentorium (0.62-0.77 flmol g -I min -I) by the total specific radioactivity of 14C-labeled metabolites ex tracted from rat brain following the administration (Hawkins et aI., 1973; Borgstrom et aI., 1976) and the regional glucose utilization rates determined for the frontal and parietal cortex (0.96--1.2 !-Lmol g-I min-I) using 14C autoradio graphic methods (Sokoloff et al., 1977; Lu et aI., 1983) . The rate of glucose uptake is closely related to the glycolytic rate and under normal aerobic con ditions is determined by the substrate requirements of the TCA cycle; the TCA cycle flux, in turn, is determined by the state of functional activity. The NMR measurement of the J3C isotopic enrichment of cerebral glutamate, which reflects TCA cycle ac tivity, provides a more direct measure of respira tory metabolic activity in vivo.
The animals in this study were made moderately hyperglycemic (13 mM blood glucose) during the glucose infusions. The effect of elevated glucose on cerebral metabolic rates for glucose and oxygen is uncertain. Pappenheimer and Setchell (1973) re ported no significant effect of plasma glucose con centrations of 1-30 mM on oxygen uptake in bar biturate-anesthetized sheep and rabbit brain based on arteriovenous differences. However, Siemko wicz et al. (1982) found a 20% reduction in O2 con sumption and a twofold increase in glucose phos phorylation (Crabtree effect) when plasma glucose was increased between 12 and 30 mM in halothane anesthetized rats. If a Crabtree effect does occur in brain during hyperglycemia and in the present study, it has no effect on energy state, pHi (Fig. 3) , or the levels of glutamate and glutamine ( Fig. 4 ; see also Hawkins and Mans, 1983) .
The J3C , 1962) . The delay in the appearance of the J3C label as [3-J3CH2]glutamate probably arises from the di lution of labeled a-KG and other TCA cycle inter mediates by the large, and initially unlabeled, amino acid pools that are linked to the TCA cycle (e.g., glutamate and aspartate).
In the construction of the kinetic model, it was assumed that no metabolism of J3C label occurs be yond glutamate; however, glutamate serves as the immediate precursor to both glutamine and -y-aminobutyrate and both are enriched with J3C la bel (see Fig. 8 ) Because the [4-J3CH2] resonance of glutamate in the POCE difference spectrum in vivo is not completely resolved from the [4-J3CH2] of glutamine and the [2-J3CH2] of -y-aminobutyrate (Fig. 8) , the J3C label is trapped for a longer period of time than if it were being observed only in glu tamate and should yield a more accurate estimate of the TCA cycle flux.
The time course data for the incorporation of J3C label into glutamate was best described by a single exponential rate constant. This stands in contrast to the evidence that glutamate metabolism is compart mented into at least two kinetically (and morpho logically) distinct compartments with separate TCA cycles (for review see Hertz, 1979) . The "small" glutamate pool, which is believed to be located in the astrocytes, is estimated to contain =11% (max- imally) of the total concentration of cerebral gluta mate (Cooper et aI., 1988) . Berl et ai. (1970) have calculated the t'/2 for turnover of glutamate in the small pool to be = 1 min. Taking into account the 98-s time resolution and the sensitivity of the POCE experiment, we would not have detected the BC_ labeled fraction of glutamate that comprised a pool size less than =25% of the total concentration of cerebral glutamate or discerned glutamate turnover in a pool characterized by an exponential rate con stant faster than =0.33 min -I . Based on computer simulations of the kinetics of 14C labeling of amino acids and TCA cycle intermediates in the mouse brain from 14C-Iabeled glucose and acetate, Van den Berg and Garfinkel (1971) determined the flux to be = 1.25 j.1mol g -1 min -1 for the TCA cycle associ ated with the large glutamate pool (also see Hertz, 1979) . Therefore, our results describing the turn over of the pool are compatible with estimated val ues of the rate of TCA cycle associated with the large (neuronal) pool of glutamate.
In vivo NMR spectroscopy will contribute much to our understanding of cerebral metabolism, par ticularly in the metabolic encephalopathies result ing from alterations in glucose metabolism. With the increasing availability of large-bore-diameter magnets operating at higher magnetic field strengths, the method described in this report should be applicable to the study of cerebral metab olism in humans. Currently, work underway in this laboratory to increase the sensitivity and time res olution of the POCE NMR experiment may permit characterization of the kinetics of the smaller glu tamate pool(s), better defining the compartmenta tion of cerebral glutamate metabolism in vivo.
